I. INTRODUCTION
A S THE number of wind turbines connected to the grid is continuously increasing, wind power will play a significant role in grid power in the future; this will require more wind turbines to stay in grid connected during a grid fault. The low voltage ride-through (LVRT) or fault ride-through (FRT) is a term used to describe the capability of wind energy conversion systems to contribute to the grid voltage control during grid faults which is critical for insuring power system stability. This is also an essential requirement of wind park grid code [1] .
The variable speed wind turbines which are controlled through power electronic converters are widely used in the new wind farm installations. Thus, these types of wind turbines are able to regulate their own reactive power, so as to operate at unity power factor [2] - [6] . Nowadays, the most widely used generator type is the double fed induction generator (DFIG); the block diagram of a DFIG-based wind turbine is shown in Fig. 1 . In this type, the stator windings are directly connected to the grid and the rotor windings are fed through bidirectional pulse-width modulation (PWM) voltage source converters. In other words, the machine is controlled via converters connected between the rotor and the power grid. The converters are designed to transfer a part (about 30%) of the full power of the machine [1] , [4] , [5] . The size of these converters determines the speed range of the DFIG. The rotor side converter (RSC) controls the wind turbine active and reactive powers from stator to grid. The grid side converter (GSC) controls the dc-link voltage and allows the converter to generate or absorb reactive power [6] . The stator and rotor of DFIG are able to supply the power. However, the direction of active power flow through the rotor circuit depends on the wind speed and hence the generator speed [7] . The main disadvantage of the DFIG is its sensitivity to power grid disturbance as the DFIG is directly connected to the grid through the stator winding [8] .
To improve the fault handling capacity and protect the DFIG converter from high rotor current during grid faults, a crowbar is usually adopted in order to limit the high currents and voltages in the rotor circuit, where the back-to-back power converter is used. The behavior of DFIG was investigated in [9] , when an active crowbar is used to provide low-voltage ride through capability by short-circuiting the rotor temporarily. It was found that DFIG allows the reactive support to the power grid even 0093-9994 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. during the fault-on conditions, and this support is larger when a voltage regulator is used instead of constant power factor control of the DFIG and when wind generator is lightly loaded. A crowbar and chopper protection strategy is introduced in [10] to reduce undesirable fault effects by contributing to the grid voltage control during emergency.
As the stator in DFIG is directly connected with the power grid and a stator perturbation is caused by a grid disturbance, the rotor will suffer from this disturbance and consequently the RSC and capacitor of the dc link can be severely affected. The effect of dc-link capacitor failure was studied in [11] to observe the output parameters of DFIG in a wind farm. However, the impact of single generator due to its dc link failure on other generators' performance in the wind farm bus-bar was not investigated. If the RSC is equipped with crowbar protection, DFIG can be kept connect to the grid during faults for power support (commonly known as the LVRT) [12] , [13] . After the fault is removed, the dc-link voltage can be maintained by again controlling the GSC. However, the dc-link voltage is likely to be fluctuated during or in the period after removing the fault. An improved control strategy with the instantaneous rotor power feedback was proposed in [14] to limit the dc link voltage fluctuation for a back-to-back converter in a DFIG. For enabling the crowbar protection to achieve LVRT at the moment when the fault occurs, two control actions can be implemented [12] , [15] - [18] . The first action is by disconnecting the RSC from the rotor without disconnecting the wind turbine from the power grid. In this case, the generator will be operated as an induction machine with a high rotor resistance [18] . The second option is to keep the turbine connected to the power grid and the RSC connected to the rotor. With this control action, a normal operation can be restarted immediately after clearance of the fault [19] . This paper analyses the behavior of DFIG during the activation of crowbar protections and proposes a new scheme of SRSC with a coordinated control strategy to enhance the dc link response for supporting the grid during system disturbances, by considering worse cases of short circuit that may occur close to the stator terminals. The paper is an extension of that presented in [20] . The remaining part of this paper is organized as follows. The existing problem is established in Section II with more emphasis on the grid code requirements as a benchmark. Section III has briefly discussed the DFIG modeling and the traditional vector control used in the converting systems (RSC and GSC). The operation of crowbar protections and the coordinated 0.14-0.25
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control strategy with the proposed SRSC including DCCC are given in Section IV. Section V presents the results on the test and validation of the proposed approaches. Finally, Section VI concludes this paper.
II. PROBLEM DESCRIPTION
The DFIGs are able to provide reactive power to support power grid during steady-state and transient state conditions. However, the DFIGs suffer from high sensitivity to system disturbance and thus, they cannot be kept connected with the utility grids during fault conditions. To avoid a high loss of power caused by faults and minimize the resynchronization problems after fault clearing, grid codes in Europe and some other countries require wind turbines to remain connected to the power grid during fault conditions for a short period of time. Fig. 2 shows an example of grid codes for LVRT requirements [1] , [16] . For more clarification, the FRT profile of the voltage associated with the required switching time is demonstrated in Table I . The grid codes are applied for wind power generation during fault occurrence. On the other hand, wind turbines may experience considerable electrical and mechanical stress during the faults and the RSC might be damaged. Therefore, in order to fulfill the grid code requirements, the DFIG system should be protected.
It is known that the conventional crowbar is activated to protect the RSC during the period of fault, in which the DFIG operates in the fix speed mode and absorb large amount of reactive power from the grid. A hysteresis control scheme for the crowbar protection to minimize its operating time and reduce the voltage ripple on the DC link during the fault condition is proposed in [18] . In this method, a battery energy storage system is proposed that is to be connected to the dc bus to attenuate the dc voltage ripple via absorbing the redundant power stored in the dc link capacitor. Similarly, a battery energy storage system was proposed to reduce the power fluctuations during transition at synchronous speed in [2] , but authors did not consider the crowbar protection. Generally, using an extra battery storage system connected to the dc link may not be practically achievable and would be highly capital intensive, as it would incur additional cost, volume, weight, and maintenance problems. There have been some contributions related to the crowbar protection. The effects of the bypass resistor was investigated in [10] and [21] . A comparison analysis on two types of crowbar protections on the rotor side is presented in [13] . A developed control strategy was proposed in [15] combined with the rotor crowbar for LVRT.
Nevertheless, specific study and analysis, when using series rotor crowbar and the DCCC to operate in coordination with each other compared to the conventional parallel rotor crowbar with an improved control strategy on the GSC and RSC, have not been received considerable attention yet. Additionally, the above mentioned studies focus much on the minimization time of the crowbar protection rather than the focus on the long duration of over-current in the rotor winding and the dc link ramping during the switching time of crowbars, additionally, the problem of operating the DFIG as an induction machine during the operation of crowbar protection was not solved. In other words, the drawbacks when using the aforementioned technologies are as follows.
1) The control signals of RSC should be disconnected because the power flow cannot be controlled. In such case, it would not be possible to control the DFIG during fault and hence, the machine will operate as a conventional squirrel cage induction generator (SCIG). 2) Operation of machine as a SCIG during fault condition results in high reactive power demand from the utility. This is due to the fact that the magnetization of machine will require reactive power to be absorbed from the grid. The existing problem is how to keep the DFIG remain connected to the power grid for providing reactive power to support grid during transient state conditions, while in the same time protecting the DFIG system from overcurrent and overvoltage. For solving this problem, the presented work in this paper proposes the use of a "series" crowbar for limiting the "over-current" of the semiconductor switches of RSC. In addition, a DCCC is also directly involved for limiting the "over-voltage" of the dc link. Note, in the general protection strategy of DFIG scheme, two "parallel" crowbars, one in the rotor side "PRSC" and the second in the dc link side DCCC, are used. Nonetheless, in such configuration, the parallel connection scheme cannot limit the "over-current" of RSC in a direct manner, because it operates based on the over-voltage of DFIG's rotor winding during the fault.
III. MODELING OF DFIG AND APPLICATION OF VECTOR CONTROL

A. Mathematical Model
In order to decouple the active and reactive powers generated by the machine, stator-flux-oriented vector control is applied. The principal operation of the variable speed DFIG is analyzed using the rotating field theory in which the (d -q -0) transformation is implemented [22] . The stator and rotor equation in the matrix form can be written as
where,V abc ,Ī abc , andλ abc are the three phase (a, b, c) vectors of voltage, current, and flux linkage, respectively. Subscripts s and r show stator and rotor quantities, respectively. The analysis can be simplified by transforming the three phase stator and rotor windings (with angular displacement) to fictitious windings of two phase stator and rotor (with no displacement) as called d -q [2] . Based on the T-equivalent circuit of DFIG as given in Fig. 3 
When the angular speed "ω e " is zero, the speed of "emf" due to "d -q axes" is zero and accordingly the stator equation, will be changed into stationary form. If the rotor speed "ω r = 0," the rotor equation for the d -axis rotor voltage "V dr " and q -axis rotor voltage "V qr " can be written in a similar way as
When the rotor rotates at an angular speed "ω r " the "d -q axes" fixed on the rotor will be fictitiously moved at a relevant speed "ω s − ω r " to the synchronously rotating frame. Therefore, when "ω r = 0," equation in (4) are written as
where λ ds is the d -axis stator flux linkage; λ qs the q -axis stator flux linkage; λ dr is the d -axis rotor flux linkage; λ qr is the q -axis rotor flux linkage; I ds is the d -axis stator current; I qs is the q -axis stator current; I dr is the d -axis rotor current; I qr is the q -axis rotor current; R r is the rotor resistance; and ω e is the synchronous speed. When the crowbar protection is connected into the rotor winding during fault, the rotor resistance in (5) will be changed, which makes the rotor current to decrease. The decrease of this current and its fluctuating period can be stabilized by a proper control of the proposed SRSC. The rotor winding crowbar connected in series with the RSC and the coordinated control strategy implemented are described in next Section.
B. Vector Orientation and DFIG Control
Normally, the torque and consequently the active power are depending on the q -axis component. When the system is balanced, the amplitude and rotating speed of the stator flux are constant [5] . Neglecting the stator resistance, the stator voltage vector is in quadrature advance in comparison with the stator flax vector. As shown from Fig. 4 , (where, θ s and θ r are the stator and rotor flux positions and θ the electrical angle) when the q -axis of the synchronous reference frame [6] , [22] is aligned with stator voltage ( V ds = 0), the stator voltage equation can be simplified after the orientation as
As a reference frame linked to the stator flux, rotor will be directly related to the stator active and reactive power. If the stator flux is linked to the d -axis of the oriented frame, the stator flux components in the d -q reference frame can be expressed as
Normally, the stator active and reactive powers are regulated by controlling the RSC to reduce turbine mechanical stress [23] .
Referring to the previous equation, the d -q axes stator flux linkage can be expressed as
Using (7) and (8), the conventional equation of the electromagnetic torque [21] in terms of flux linkage and current can be written as
where L m is the magnetizing inductance, L s is the stator inductance, L r is the rotor inductance, and ρ is the number of poles pairs.
From (3), (4), (7), and (8), the relation between rotor currents and stator active and reactive powers can be expressed as
Field oriented control of the DFIG can be applied with the active and reactive powers considered as variables to be controlled with the vector control strategy [24] . Here, the d-axis component of the rotor current is used to control terminal voltage and the q-axis component is used to control the torque of the generator. The generic control structure of the DFIG is shown in Fig. 5 . The vector control strategy is adopted to obtain the independent control of active and reactive power flowing between the grid and GSC [2] . The converter control operates in the gridvoltage-oriented reference frame, with its d-axis oriented along the grid-voltage vector position. The proportional integration (PI) controllers are used to regulate the dc-bus voltage in outer control loop and the grid side inductor current in the inner control loop (see Fig. 5 "GSC") [4] . To maintain a constant dc-bus voltage, the outer voltage PI controller processes the error between the reference "V " is set to zero. The obtained currents from the grid measurement "I dg " and "I qg " are compared with reference currents and then they are processed using the inner current control loop to generate signals for GSC as given by the following expression: where K n P is the proportional gain of the controller, K n I the integration gain of the controller. n is the number of the controller. The angular position of the grid voltage is obtained using a phase locked loop [25] (not shown in Fig. 5 for simplicity). This angle is needed to transform the system variables to the "d − q" reference frame. Usually, the reactive power at GSC is kept zero for achieving a unity power factor. It is worth to mention that the dc bus voltage "V dc " during fault is greater than "V
In the conventional PRSC, the crowbar is triggered if the overvoltage in dc bus or the over-current in rotor winding exceeds the threshold value. However, PRSC is not effective in terms of discharging the extra energy from the dc link. Therefore, the DCCC is proposed in this paper as an additional protection with SRSC to allow a proper discharging of dc link during disturbances. The implemented coordination is described in detail in Section IV-B.
A stator flux oriented reference frame-based RSC is used to control the induction generator in order to decouple the electromagnetic torque and the rotor excitation current. The stator flux oriented reference frame is a synchronously rotating reference frame, with its d-axis oriented along the stator-flux vector position [5] . The outer PI controllers are used for regulation in the rotor speed control loop, while the inner PI controllers are used for regulation in the rotor current control loop (see Fig. 5 "RSC"). The active and reactive powers are controlled by "I dr " and "I qr ," respectively. The stator magnetizing current can be considered as constant, as the stator resistance is small. Thus, to simplify the control, the stator flux "λ ds " is set to zero. The d -q axes rotor flux linkage is given as
When (5), (8), and (13) are combined and stator resistance is neglected, the obtained voltage from the inner control loop can be expressed as
where V dr and V qr are found from the current errors processing through standard RSC inductor current (inner) control loop; L m is the magnetizing inductance, L s is the stator inductance, and L r isthe rotor inductance. It is worth noting that, compared with the conventional control design of DFIG as seen in Fig. 5 , the calculations of the GSC reference current "I ref dg " as given in (12) with d -axis input rotor current "I dr " of (13) when the crowbars are operated, improve the system response. The control diagram of rotor crowbars is described in detail in Section IV-B.
IV. PROPOSED TOPOLOGY AND COORDINATED CONTROL STRATEGY FOR DC LINK AND ROTOR CROWBARS
A. Structure and Modeling of Crowbar Circuits
Crowbar protections are designed to operate when over current in rotor windings or over voltage on the DC link occurrs. When the crowbar is triggered, the RSC is disabled (by cutting off the pulses of the power switches) and bypassed. The three-phase rotor winding is thus short-circuited via the closed crowbar switch, transforming the DFIG in a standard induction generator. The crowbar protection can be disconnected and the RSC reinserted after a predefined time or when the rotor current and dc-link voltage are returned to the levels within their normal operating range [15] . This protection is commonly used in DFIG and called as PRSC. DCCC can also be added to help minimizing the "over-voltage" of the dc link. The models of these crowbars are demonstrated in Fig. 6 . The extra resistance introduced in the circuit (as marked in red) dissipates the surplus energy generated during the fault. In the rotor crowbar, a resistor is connected to the rotor winding via three phase rectifier and insulated-gate bipolar transistor (IGBT). When the rotor currents become too high, the IGBT is fired to avoid the high currents flowing through the RSC but allow to flow through the rotor crowbar resistor. In the dc link crowbar, a chopper resistance connected in the dc link via IGBT is used to improve the ride-through control effect by discharging the overvoltage limit during the grid fault.
Generally, the rotor crowbar protection operation can be modeled as in (16) . The value of a switching function "F S " defined for the power switch is also incorporated in the following expression to force it to zero when the crowbars are inactive (i.e. , F s = 0), and F s = 1 if the crowbars are active
where V c and I c are the voltage and current on the crowbar; and R c is the crowbar resistance. In case of a fault, the bypass resistors are connected to protect the RSC, and the short-circuit time depends on the rotor parameters, therefore, the transient time constant of the rotor is found as (17) where R rc is the rotor crowbar resistance; and L sc r is the transient rotor inductance. To make the DFIG ride through a grid fault, the value of the short circuit current must be taken into account by selecting an optimal value of crowbar resistance. This will allow to resume the normal operation of the DFIG system after the fault has cleared. The maximum value of the rotor current which is used to trigger the crowbar is given by [19] , [10] 
The DFIG performance during faults is greatly affected by the resistor value of crowbar. On one hand, when using PRSC, the rotor crowbar resistance must be high enough to avoid rotor short-circuit and consequently it will be limiting the currents flowing through the converters [18] . On the other hand, a large dc voltage ripple in the dc link will be generated and rotor voltages will be higher if the crowbar resistance is too large [26] , [27] . Therefore, an optimal resistance value of crowbar should be carefully considered. Usually, the crowbar resistance is chosen according to the following approximation [19] , [10] : (20) , which is given in pu The crowbar resistance can be chosen as 20-50 times the rotor resistance [13] , [26] .
DC-link crowbar is triggered based on sensing the maximal value of dc voltage during the fault. DC link overvoltage might cause damage to the capacitor; and therefore the dc link crowbar is used to discharge the extra charge through the resistance. The relationship of the charging function in the dc link crowbar protection can be obtained as
Based on (21), the value of the dc link crowbar resistance "R dc " can be approximated by considering that during a fault, the source voltage becomes zero "V max r = 0." Here, the current "I" through the resistor decreases as the voltage drop decreases due to the loss of charge in the capacitor. In this case, the dc-link crowbar resistance is captured when the voltage of the capacitor is reached to its nominal value.
B. Proposed Rotor Crowbar-Based CB Scheme
The rotor crowbar circuit described in the previous section represents the standard rotor crowbar protection, known as PRSC. During the switching operation, the high currents produced may cause sudden torque loads on the drive train. The voltage dip will also cause large (oscillating) currents in the RSC. Thus, in order to control the current, a high rotor voltage will be required which may exceed the maximum voltage of the converter. This implies that large currents can flow through the converter and may destroy it. Therefore, in this section, a new scheme of SRSC is proposed. In this scheme, the rotor crowbar is connected in series with the rotor winding and RSC, while the dc-link crowbar is connected in parallel to the dc-link capacitor. The combination of these crowbars is used to improve the ridethrough control effect. The proposed scheme of SRSC is marked with the blue rectangular dotted box (and highlighted in red) in Fig. 7 . In this scheme, the rotor crowbar resistors of the three phase system are connected to RSC in parallel with the circuit breaker (CB). In the steady-state condition, this CB is closed (ON). However, when fault occurs, the CB switches are OFF; as a result, the RSC will be connected in series to the rotor winding through the rotor crowbar resistors. Note that the CB can be fitted with the available overcurrent tripping units in the DFIG system. It is worth to note that in [27] a scheme employing a crowbar circuit in conjunction with an additional series static switch has been proposed, where the RSC is totally isolated from the rotor circuit due to the reconfiguration of the rotor circuit connection on fault detection. This means that the crowbar is applied for the duration of the fault but the machine is left uncontrolled. As discussed in [28] , such a scheme cannot be practically implemented. Indeed, when using the proposed scheme of SRSC, the RSC during fault condition is still connected with the rotor circuit through the crowbar resistors, which means that the machine is kept to be controllable. With this scheme, DFIG can effectively overcome the communication bottleneck and provide fault ride-through capability. Additionally, the control circuits and measurement units will significantly be reduced. Note that, in addition to the dc capacitor and the semiconductor switches of RSC, there is a gearbox in the DFIG that should be protected from mechanical over-stress during fault (see Fig. 1 ). When fault occurs, the current of RSC switches and/or the voltage of dc capacitor should not exceed their maximum permissible values but they are allowed to be as close as technically feasible to their maximum values, otherwise, the gearbox will experience an excess energy of wind turbine and thus, an over-stress will be created which may damage the gearbox. The coordinating control of the combined crowbars along with the modified control strategies on the RSC and GSC is discussed in the following section.
C. Improved Coordinated Control Strategy for LVRT
Enhancement of LVRT capability for wind turbine driven DFIG with active crowbars can be achieved by coordinating the control response of the crowbars and improving the traditional control strategies to fulfill with the grid code requirements [28] . As the dc link voltage is controlled with predefined reference value, the power flows among the rotor side "P rsc (t)" and grid side "P gsc (t)" through the dc link are described by the following power balance equation:
At steady-state condition, ΔP (t) = 0 (if there is no disturbance). However during disturbance, "ΔP (t)" will not be zero which will cause the fluctuation in the dc-link voltage. The GSC and RSC controllers depend on the dc voltage " V dc " to determine the modulation index (m) for active power, reactive power, and dc link voltage control [11] . Additionally, the firing sequences of the switches are also dependent upon the dc link voltage. These relations can also be described as
where V nom is the nominal voltage at the RSC or GSC. Referring to the conventional design of DFIG as seen in Fig. 5 , the control value of the GSC current is set as the output of the PI controller of dc-link voltage. However, due to the fluctuation in the system, dc-link voltage cannot be kept stable as the bidirectional power is dynamically changed between the GSC and RSC. Accordingly, the power in the capacitor will also be changed as described in the following expression:
From (22)- (24), it is revealed that the parameters of the PI controller of dc-link voltage should be properly tuned to realize the instantaneous power transfer and reflect a fast response when the behavior of the system is changed especially at the time period from when the fault is occurred to when it is cleared. A term that reflects the relation of the instantaneous input rotor power of DFIG and the axis "d" component of grid voltage was used in [14] . The most of the DFIG machines are equipped nowadays with a crowbar that short circuits the rotor to prevent the damages on the converters caused by voltage dips. Such protection was not considered in [14] . Referring to the reference current "I ref dg " and the d -axis input rotor current "I dr " as given in (12) and (13), respectively, the proposed control strategy described above is shown in Fig. 8 . In the proposed control strategies incorporated with the crowbars, the instantaneous d -axis input rotor current "I dr " obtained from the RSC will be computed with the instantaneous d -axis reference current of the GSC "I The coordination of the rotor and dc crowbars is shown in Fig. 9 . It is worth to mention that the duration, type, and location of fault in power system integrated with the DFIG influence the degree of severity of over-current in the three-phase rotor windings of the DFIG during disturbances. Obviously, some fault may just cause in over-current problem and some other fault result in just over-voltage problem. If the crowbars are not accurately coordinated, the over-current may damage the semiconductor switches of RSC and/or it causes an overvoltage in dc capacitor. The first and second columns of Table II show different possible scenarios for over-current and over-voltage problems during fault condition, whereas the third column shows the most vulnerable part of the DFIG. The fourth column shows which crowbar should act to protect the vulnerable part when using the proposed scheme of SRSC with the DCCC. If the operation of the first protective crowbar is not effective enough and the over-current or over-voltage value tends to be close to the maximum related permissible value, the second crowbar acts to mitigate this as seen in the last column of Table II. In Fig. 9 , the rated rotor current "I Rat r " corresponds to the rotor current when a maximum power flows through the RSC. Note that this value considers that the rated power of the RSC is approximately 20% of the machine rating. Similarly, the "V Rat dc " corresponds to the rotor voltage "V max r " when modulation index "m = 1." For the implementation of crowbar protections in the DFIG transient model, the system should be switched into the proposed control as explained in (25)- (27) . The system is continuously monitored and the abnormality (or fault) is detected when either the rotor current or the dc link voltage reaches the maximum predefined limit (which can be 1.3 times the nominal value). Accordingly, the system will be operated when using either SRSC with DCCC or PRSC with DCCC in the following manner.
1) The switching signals to rotor crowbars (SRSC "CB" or PRSC "IGBTs") and dc-link crowbars are obtained from the logic operators (as demonstrated in Fig. 9 ). In this step, the main difference between the operations of SRSC and PRSC is that, when using PRSC with DCCC, the two crowbars should be immediately operated by activating signals and the rotor is disconnected from the RSC and reconnected if the converter current becomes less than its maximum value regardless of the activation time of rotor crowbar. This common strategy is used so that the controllability of the DFIG cannot be lost during a fault. Note that during the disconnection time of RSC, the transistors of RSC are still blocked. Nevertheless, the current passes through the parallel diodes to the transistors. On the contrary, when using SRSC with DCCC, two crowbars will be operated in a similar way as demonstrated in Table II . However, the rotor will continue its operation, which means that the power is still injected into the grid. 2) While the crowbars are activated, (5) will be modified into (28) when the rotor crowbar inserted, whereas (24) will be modified as (29) when dc link crowbar is inserted. It is clear from (29) that for a given value of the capacitor at the dc link, for any value of "R dc " it affects the time rate at which the capacitor discharges
3) To minimize the operation time of the crowbars for a particular voltage dip, once the current and dc-link voltage are lower than the predefined threshold values, the crowbars should be disconnected, thus the rotor can return to its normal connection. With the rotor and dc-link crowbar protections and the control strategies as proposed in this section, it is possible to eliminate the fluctuation of the dc-link voltage during the fault and completely resume the DFIG control that can furthermore supply a reactive power to fulfill the requirement of the new grid regulations.
V. SIMULATION STUDIES AND VERIFICATIONS
Simulations have been carried out in MATLAB SimPower Simulink through modeling a wind farm consisting of DFIG-based wind turbines (with total rated power of 6 × 1.5 MW) connected to a 25 kV distribution system that exports power to a 120 kV grid through a 30-km 25-kV feeder. The model of the induction machine is based on the fifth-order twoaxis representation, commonly known as Park model. The wind speed is maintained constant at 15 m/s. A synchronously rotating d-q reference frame with the direct d-axis oriented along the stator flux position is used to control the DFIG model with the crowbar protections using the proposed control strategy as explained in Section IV. Fig. 10 shows the active and reactive powers of the DFIG and dc-link voltage when the system is in the steady-state condition. The DFIG wind farm is operated at its full rated power and is feeding only the active power into the power grid.
The dynamic response of the system was analyzed for both PRSC and SRSC including DCCC by applying various faults at "0.1 s" after simulation starts, in the 25-kV Feeder close to the wind farm bus-bar at the high voltage side of the step-up transformer. This fault is cleared at "0.25 s." The simulation time was chosen to be small to clearly observe the fast response of the system. The results are analyzed in the following sections.
A. Impact of Resistance Value of Crowbars
Initially, the behavior of the system is investigated with only rotor crowbar and is then observed when only dc-link crowbar is utilized. From Figs. 11 and 12 , it is found that the best profiles of the dc-link voltage and the rotor current are obtained when the rotor crowbar resistor value "R rc " is used as 0.01 Ω. However, for this case, the dc-link voltage is still higher than the nominal value. In the second case when only dc-link crowbar is used, a significant improvement in the dc-link voltage is observed when the dc-link crowbar resistor value "R dc " is increased to 0.19 Ω as seen in Fig. 13 . For this case, it was noted from the simulations that the high value of the rotor current does not change. This means that the dc-link crowbar resistance has no significant impact on the rotor current when using PRSC. It is also worth to note that optimal rotor crowbar resistance value depends on the configuration of a power system connected into the DFIG wind farm. Therefore, it further proves that the system under investigation has better fault ride through performance with the proposed combined crowbars (rotor and dc-link crowbars) using the coordinated control strategy as proposed in this paper.
B. Coordination of Rotor and DC-Link Crowbars
As it is difficult to obtain the optimal value of the rotor crowbar resistance with a lower dc voltage fluctuation, it is revealed that adding a dc-link crowbar will improve the dc-link voltage profile. By operating dc-link crowbar with the proposed coordinated control approach, the dc-link voltage fluctuation has been reduced during and after the fault which has been clearly shown in Fig. 14. As seen from the circles on the dc-link voltage graph in this figure, the voltage fluctuates in the range of "1000-1230 V." After applying the coordinated control strategy with the combined crowbars, the fluctuation range of the dc-link voltage can be limited to "30 V." Evidently, the reduction in dc voltage fluctuation as seen in this figure indicates that a fast dynamic response can be achieved, when the instantaneous d-axis input rotor current obtained from the RSC incorporated with the reference current of the GSC as described in Section IV-C.
C. Switching Time of Crowbars
The switching time of PRSC which is the main drawback of the DFIG protection is investigated during crowbar operations. Fig. 15 shows the dc-link voltage for different rotor crowbar switching periods in both cases: when only rotor crowbar is connected and when combined crowbars are operated during a fault. In the case of rotor crowbar operation, the dc voltage needs a longer time to reach a stable voltage value. However, this behavior is not seen when two crowbars are operated. The dc-link voltage becomes stable even though the rotor crowbar remains connected for only 50 ms. This reveals the importance of using the dc-link crowbar with the rotor crowbar as this combination can help in reducing the dc voltage fluctuation during a fault faster, thus reducing the rotor crowbar switching time. As a result, the DFIG will not act as a SCIG for a longer time, hence setting the generator out of control for only short period of time and this will help the machine to control its reactive power exchange with the grid quicker as seen in Fig. 16 . Note that the machine remains connected to the grid during crowbar switching.
D. Performance of the Proposed SRSC With DCCC
This section demonstrates the performance of the SRSC during fault condition. To minimize the paper length, all figures of the balance and unbalance faults are not included, instead the selected figures are included for the purpose of comparison between SRSC and PRSC. Fig. 17 shows the rotor and stator currents when using SRSC and PRSC, respectively, under unbalanced three-phase short circuit occurred at the power grid close to the point of common coupling. It can be observed from Fig. 17 that during fault condition, the rotor and stator currents, when using SRSC, are less severe compared to the value using PRSC.
As the type and location of fault may have different effects on the DFIG, the performance of the proposed SRSC was evaluated and the significant results are depicted in Fig. 18 when the system was subjected to balanced three-phase short circuit, while Fig. 19 shows the unbalanced two-phase short circuit occurred at the power grid. As seen from these figures, the torque oscillation of the generator when using SRSC is having less damping and the DFIG can export to the grid more reactive power during the transition period after the fault is cleared.
Generally, the optimal value of the resistor is the main important factor in reducing the rotor current for both schemes (SRSC and PRSC). However, in the SRSC, the resistive value should not only be determined based on the reduced rotor current during fault conditions. This selective value should also be subjected to a permissible value of dc voltage with a minimum fluctuation during the fault (see Fig. 20) . In fact, different values of the crowbar resistance result in different behaviors of the system when using SRSC with the proposed coordinated control approach. Therefore, the value of the resistor parameter should be chosen carefully to limit the short circuit rotor current and to avoid a high voltage in the dc link and minimize the fluctuations of the system parameters, and at the same time insuring that the SRSC would not affect the performance of the system during the normal operation. Indeed, the resistor value can be estimated through an optimization process by developing an objective function that can meet the above criteria. However in this paper, a decision-based rule has been established in a trialand-error approach with a guideline for selection by considering all possible conditions subjected to the necessary constraints to determine the acceptable value. When the SRSC is connected into the rotor winding during fault condition, the resistor of SRSC will make the rotor current to decrease. The decrease in rotor current and its fluctuating period can be limited by a proper control of the proposed SRSC. As mentioned in section VI, during the fault, the CB goes to the OFF state and thus the current through the CB is zero. Consequently, the resistor of SRSC is inserted and thus the fault current passes through it; and at this stage, the current through the SRSC is equal to the fault current. It implies that the resistive value of SRSC should be selected to keep the fault transient current less than the value of the maximum permissible fault current level of converter, taking into account the switching time of resistor. To realize this fact, a decision-based rule has been established using several dynamic simulations (under balanced and unbalanced conditions) with different crowbar resistance values represented by a ratio as (R SRSC /R r ), started from the lowest value when the resistance of SRSC (R SRSC ) equal to the rotor resistance (R r ), and ended with the highest value where the change in the system characteristic becomes almost the same. For each of the above resistor values, the system has been checked for its stability, and the resistance values that make the system unstable are excluded. The main idea is to create a border of search for the best value during extreme conditions where the parameters of rotor current, stator current, rotor speed, active power, reactive power, and DC-link voltage have low fluctuations and the system is found to be under control during fault and postfault conditions, and also with short recovery period (where the system returns to the steady-state condition in a short time).
Since the rotor current and the dc voltage are functions of the SRSC resistor as mentioned above, the corresponding resistive value at each type of fault, therefore, can be found using an interval of lower and higher limits. In this study, the search interval, as seen in Fig. 20(a) , is designed from the crossing points of the rotor current curves and the difference between the higher and lower dc voltage curves of the balanced and unbalanced faults. Using this interval, the first step of the search is to obtain the desired resistance that provides the lowest value of the peak rotor current ( =<2 pu, with a minimum oscillation time) and acceptable dc voltage in the range of (950-1200 V). As seen from Fig. 20(a) , this value is located approximately between the values of 4.5 times and 12 times of the rotor resistance. In the next step, the selected resistive value of SRSC is constrained by taking into account additional conditions set here, for which rotor current, stator current, active and reactive power, and torque should maintain a minimum oscillation. Note that the search interval represents only the peak values of the obtained results from different scenarios in which the system is classified as stable. The rotor current and dc voltage have been selected to form the search interval as shown in Fig. 20(a) , and this is due to the fact that the best resistive value that can be selected based on the balance fault studies might not have the same significant effect during unbalanced fault, as it has only impact on the rotor current of such fault as shown in Fig. 20(b) and (c). It can be seen from Fig. 20(c) that the dc voltage drop is higher in the unbalance fault compared to the balanced fault for the same value of resistor which is approximately equal to seven times of the rotor resistance. As the dc link voltage with this resistive value can meet the aforementioned conditions (950-1200 V) in both balanced and unbalanced faults, this value is considered as the appropriate crowbar resistor value that can be selected for this test system. With the selected value of SRSC, the performance of the proposed coordinated control approach is also evaluated. It is clear from Fig. 20(d) and (e) that the proposed coordinated control approach with the selected value of the resistor is found to be effective. Even though it is possible, in some cases, to manage the system stability during fault condition by selecting an acceptable value of resistor for a particular fault type, however, there is no guaranty that this value can work with other types of faults in the same manner. It is worth to mention here that with some resistive values, the peak transient rotor current not only can appear at the initial time of fault but can also appear at the time of clearing the fault. Therefore, it is crucial to implement the proposed coordinated approach with the acceptable resistor value to keep the DFIG connected to the power grid during the fault condition without impacting the stability of system, as this is important for providing fast support to the power grid during and after the fault.
In additional to the above benefits when using SRSC scheme with the coordinated control strategy (in terms of decreasing the overcurrent and overvoltage on the rotor winding and dc link, respectively), the DFIG with both rotor crowbar protections was assessed to confirm its capability to ride through the Fault. Table III and Fig. 21 summarize the improvements in satisfying the grid code requirements. According to the grid code requirements as given in Fig. 2 and Table I , it is clearly seen from Table   TABLE III III that the SRSC is an efficient protection scheme compared to PRSC scheme. The results of this table prove that, with utilizing the SRSC scheme, the DFIG can stay connected and the system can be recovered (back to its initial condition) within a short duration after fault. It is also worth to note that when using SRSC scheme, the DFIG does not absorb reactive power after clearing the fault as seen in Fig. 21 , whereas in the case of using PRSC, the DFIG consumes a large amount of reactive power just after the fault, thus decreasing the voltage in the network and a delay in recovering the system to its steady state. From Figs 17-21, it can be confirmed that the proposed SRSC does not have any effect on the operation of the DFIG during the normal condition. This scheme is more practical one with less power electronic components.
E. Experimental Setup
Due to safety issues and restriction on fault current generation in Laboratory, a simple experimental setup shown in Fig. 22 was conducted to verify the basic applied idea of the proposed SRSC scheme, the circuit diagram of the experimental setup is depicted in Fig. 23 . A controllable dc-power source was used to represent the dc-link voltage of DFIG which increases considerably just after the fault instant. A grid tied inverter is used to model the RSC; whereas the dc side of the mentioned grid tied inverter is connected to the controllable dc-power source and its ac side is connected to the grid which models the rotor of DFIG. The rotor of DFIG is simplified for experimental setup due to the lack of real DFIG setup, and in order to prove the main concept of the proposed scheme. The waveforms are captured using the oscilloscope. The SRSC is represented by two series connected resistors which are bypassed (activated) by using a synchronized contactor with the controllable dc-power source by a manual switch.
The captured waveforms of the voltage and current are shown in Fig. 24 . As a result of switching the resistance when the peak of the transient current is detected, the dc-link voltage can be maintained after the disconnection of the contactor which represents the switch of the SRSC. The step response of the system is shown in Fig. 25 when change in the switching of one resistor, while in Fig. 26 when two resistors. The change in switching two resisters makes steps in decreasing the voltage as it was discussed about the minimum fluctuation during the fault in Fig. 20(b) . Although a simple experimental setup was conducted to demonstrate the basic applied idea of the proposed SRSC scheme, it can be observed from the experimental results that the proposed scheme can protect the system according to the variations in the dc voltage or rotor current when change in the behavior of the system is occurred. In supporting the claim as presented in this section, it is seen from the justifications given in Table III and Figs. 17-21, DFIG can remain connected to the grid, thereby fulfilling the grid code requirements for fault ride through.
VI. CONCLUSION
In this paper, a coordinated control strategy for SRSC and PRSC with the DCCC protections implemented in the backto-back converters of the DFIG systems is proposed to ride through the fault. The obtained results have demonstrated that a considerable improvement can be achieved by applying the proposed SRSC with the coordinated control strategy. It is revealed from the results that the DFIG can be kept controlled without disconnection from the power grids during fault conditions, which means that the DFIG system can be recovered faster compared to the conventional method of crowbar protection. The proposed SRSC operation is completely different from the traditional PRSC in improving the fault ride through of DFIG. The SRSC not only dissipates the rotor energy during fault condition but also limits the RSC current value and thereby protects the RSC and decreases the destructive dc-capacitor voltage.
